Abstract. There is a continuous demand for low-cost nodular cast irons with improved mechanical properties, this being an industrial requirement both for pearlitic as well as for ferritic grades. Developments in pearlitic nodular irons should lead to alloys with higher and higher strength while retaining some ductility in the as-cast state so as to respond to demands related to castings for high power automotive engines in competition with steel castings and ADI. According to these aims, several alloying elements have been selected and added separately or combined to standard commercial nodular cast irons. In all cases, only low-level additions were made and their effects on the microstructure and mechanical properties at room temperature have been characterized and are discussed. A statistical analysis has been performed on the data obtained that accounts for changes in alloying additions as well as for variations in process parameters.
Introduction
The ratio of ferrite to pearlite in the matrix of nodular cast irons is known to depend mainly on three parameters: the cooling rate during the eutectoid transformation [1] [2] [3] [4] [5] , the nodule count resulting from the solidification step [6, 7] and alloying elements [1, 2, 6, [8] [9] [10] [11] [12] [13] ]. An increase of nodule count to decrease the amount of pearlite has been found effective at low nodule counts only [14, 15] . Conversely, avoiding totally the formation of ferrite by increasing the cooling rate is inappropriate for manufacturing usual cast irons under industrial conditions. Hence, promoting a pearlitic structure is most usually achieved by specific additions and the effect of several alloying elements on the microstructure and mechanical properties of nodular cast irons has been studied over many years [1-3, 8, 10-13, 16-21] .
Nowadays, there is a strong demand for cheap materials with mechanical properties able to withstand the requirements of high power automotive engines. The current industrial way for achieving the necessary targets is the use of forged steel or austempered nodular iron castings. However the costs linked to these solutions are higher than the ones for manufacturing as-cast nodular iron parts. Thus, there is an opportunity for developing nearly fully pearlitic nodular cast irons, with increased ultimate strength while retaining sufficient elongation, by suitable additions of alloying elements. The aim of the present study was thus to analyse the influence of various alloying elements on the structural features and mechanical properties of pearlitic nodular irons. The effect of selected alloying elements was evaluated together with the possible counter effects of minor elements originating from the use of commercial steel scrap added to the metallic charges.
Experimental Procedures
A total of 85 alloys were prepared in a medium frequency induction furnace (250 Hz, 100 kW) 100 kg in capacity. In all cases, the charge was composed of 30-50% automotive steel scrap and 70-50% low alloyed pig iron, and the composition was adjusted according to the required Mn content which is the main contribution from the steel scrap used. After melting, the carbon, silicon and selected alloying elements contents were checked and adjusted to the specified values. The liquid metal temperature was then increased to 1500-1510ºC and its surface skimmed. Then the melt was treated in a 50 kg capacity ladle with a nodulariser alloy (42-44 wt.% Si, 5-6 wt.% Mg, 0.9-1.0 wt.% Ca, 0.4-0.5 wt.% Al, 0.9-1.1 wt.% RE) by the sandwich method. The treatment temperature was between 1470 and 1490ºC. When the reaction was finished, the Mg-treated batches were transferred to the pouring area. Table 1 The alloys were then cast in chemically bonded sand moulds that contained standard keel-blocks ( Fig. 1-a) . The inoculation treatment was carried out by adding approximately 0.15% of a commercial inoculant (68.1 wt.% Si, 0.89 wt.% Al, 1.65 wt.% Ca, 0.45 wt.% Bi, 0.38 wt.% Ba, 0.37 wt.% RE) into the cavity of the moulds. Cooling of the cast keel-blocks was achieved with up to three different conditions: in mould, static air and forced air. For these last two cooling conditions, the keel-blocks were removed from the mould just after solidification was completed and were allowed to cool in air that was either calm or forced. A total of 158 keel-blocks were prepared from the 85 alloys. In a few cases, a cooling curve was recorded by means of a K-type thermocouple positioned just above the area used for mechanical test sampling ( Fig. 1-a) . Fig. 1 -b compares the cooling curves recorded during one of the trials on the keel-blocks cooled in the mould and in static air. From the few curves recorded, the cooling rate of the metal V r between 1050 and 715°C could be estimated as 15ºC/min for mould cooling, 45ºC/min for air cooling and 90ºC/min for forced cooling. For statistical analysis, it will be assumed that the cooling rate was the same for all the experiments carried out with the same conditions, but limited available information showed in fact large changes from one casting to another. 
Science and Processing of Cast Iron IX
After solidification and cooling, one standard tensile strength specimen (10 mm in diameter) was machined from the lower part of each keel-block (see Fig. 1 -a) on which the rupture stress UTS, the rupture strain A and the elasticity limit LE were measured. On one of the samples, that had a fully bainitic structure, the LE and A values could not be estimated and the UTS value appeared to be an outlier compared to the rest of the data. This sample was not considered further in the analysis. After the mechanical test, the specimen was used for determination of the Brinell hardness D using a 10 mm diameter sphere and a load of 3000 kg. Finally, the sample was cut and prepared for subsequent metallographic characterisation. The nodule count N A and the nodularity were evaluated by quantitative image analysis, while the fractions of ferrite f α and pearlite f per were determined by comparing the microstructure obtained after etching with 5% Nital with standard reference microstructures [22, 23] . In a few cases, the matrix was found to contain bainite and in two cases iron carbides were observed. For these latter cases, the fraction of constituents other than ferrite and pearlite was summed as a variable f other .
Statistical Analysis
The statistical analysis was performed using JMP ® software. As a first step, a linear multivariate analysis was performed using f per or one of the mechanical parameters as the output variable and all the elements listed in Table 1 as input variables. Looking at the residues, it was found that (V r ) 0.5 should be considered as a variable rather than V r . This analysis gave what is expected to be the highest R 2 correlation coefficient because all possible input variables were taken into account. Then, a stepwise analysis was performed during which the software selected successively the most pertinent variables. From this analysis, a model expressing each of the output variables as a first order polynomial of the composition was obtained, that was limited to those input variables that were found relevant at a risk of less than 5%. . 2 shows the pearlite fraction f per versus nodule count N A . There are a few points at very low pearlite fraction that do not appear in this graph, which are related to castings having a nearly fully bainitic as-cast matrix due to alloying with Mo and/or Nb. It is seen that no clear correlation shows up from the graph in Fig. 2 . As a matter of fact, no simple correlation could be obtained between any of the mechanical properties and microstructure data, either N A or f per . With the exception of the relation between UTS and A that was highly scattered, relations between mechanical properties showed significant correlation. The best appeared to be between D and A; as illustrated in Fig. 3 , it is similar to relations reported before [1] .
Results

Fig
The fact that the mechanical properties are not well correlated with the pearlite fraction shows that alloying additions affect them strongly. This led to the use of multivariate linear analysis with the whole composition, (V r ) 0.5 and microstructure parameters (N A , f α , f other ) as input variables. The R 2 coefficients that were obtained are listed in the first column of Table 2 . Except in the case of the rupture elongation A, it was observed that the cooling rate V r is by far the most significant parameter amongst all the variables. The part of the variance due to (V r ) 0.5 is listed in the second column of Table 2 and explains ≈0.46/0.75, i.e. about 60% of the whole variance of the data set of LE, UTS or D. It was also noted that the R 2 coefficient for A is not as high as for the other mechanical properties; this relates to the higher intrinsic experimental scatter of this parameter as already apparent in the literature [24] .
A stepwise analysis was then performed that retained finally a set of input variables found relevant for each of the four mechanical variables. The values of the R 2 coefficients at the end of the stepwise procedure are listed in the last column of Table 2 . It is seen that they are quite close to the values in the first column, meaning that the variance is quite properly explained with the selected variables. Due to the importance of the cooling rate, it may be guessed that part of the unexplained variance could be due to a scatter in the V r values. The coefficients obtained at the end of the multivariate analysis are listed in Table 3 . 
It is seen in Table 3 that very few composition variables were found statistically significant, and that they may differ from one mechanical property to another. Fig. 4 compares the predicted mechanical properties to the corresponding measured data. Systematic analysis of the residuals showed no trends for the selected input variables, thus confirming the linear model. 
Discussion
Most of the previous work mentioned in the introduction looked for the effect of alloying additions on mechanical properties together with change in the microstructure of the material. A few reports dealing with the cooling rate effect have been reviewed by Goodrich and Lobenhofer [4] in a study mainly devoted to the effect of the casting skin as exemplified in small section castings. The present results show that this is the most important variable, explaining about 50% of the variance on hardness, yield and ultimate tensile strength, so that much care should be taken when relating it only to pearlite fraction. Indeed, as this latter parameter was here evaluated separately, the present study shows that the cooling rate affects significantly the mechanical properties of pearlite, e.g. through the fineness of its interlamellar spacing. The fact that clear linear relationships with alloying contents were found is in line with the work by Venugopalan and Alagarsamy [18] . This shows that the non linear relations most often reported in the literature and associated with optimum values of alloying elements [16] relate to microstructure changes that have been here taken into account separately. Such microstructure changes may be the appearance of ferrite, carbides or bainite, or else of degenerate graphite (that was not observed in the present work). Elements such as Cu, Mn, Sn, Sb and Cr are known to increase the volume fraction of pearlite and as such increase tensile strength, yield strength and hardness and decrease elongation and impact energy. It is worth noting that Sn and Cr do not appear in Table 3 , meaning that their role should be limited to increasing the pearlite fraction but not to affecting its properties. It is also seen that Sb as well as N decrease UTS; this may be due to precipitation of minor phases that were not detected. Small additions of Mo and Ni were reported to promote the formation of ferrite and increase ductility [10, 18] , but other studies showed that these elements may promote pearlite when the content of the residual elements is low [11, 13, 25] . In the present study, Ni appears detrimental and Mo beneficial to pearlite properties. Additions of Si [21, 26] have shown to increase the volume fraction of ferrite, but this effect seems to be linked to the higher nodule counts obtained when increasing the amount of this element. This is indirectly confirmed in that neither Bi nor Si appear in Table 3 , i.e. they may affect the microstructure but not the pearlite mechanical properties. The positive effect of Mg on LE and D and its negative effect on A are certainly worthy of further work.
Conclusion
The statistical analysis performed in this work allows mechanical properties of a specific alloy to be predicted as a function of the square root of the cooling rate (V r ), structural features (N A , f α and f other ) and the alloy's composition. As expected, an increase in the ferrite fraction decreases LE, UTS and D, and increases slightly rupture elongation. The most noticeable effect is that of the cooling rate which dramatically affects tensile and yield strengths as well as hardness.
